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Aggregation of the high affinity IgE receptor (FcεRI) on mast cells results in release of mediators that initiate inflammatory and allergic responses (1, 2) . The signal transduction pathway initiated by this receptor has many similarities to those of antigen receptors on T or B cells. These immune receptors lack intrinsic tyrosine kinase activity, but possess signaltransducing subunits that contain the immunoreceptor tyrosine-based activation motif (ITAM) (3) (4) (5) (6) . Antigen stimulation induces rapid phosphorylation of tyrosines in the ITAM, which then recruit a Syk family tyrosine kinase from the cytoplasm to the membrane. The binding of Syk to the phosphorylated ITAM induces a conformational change in Syk, which results in its activation and tyrosine phosphorylation (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Accumulated data suggests that Syk is essential in mediating FcεRI signaling, which is further confirmed by the experiments using Syk deficient mast cells (17) (18) (19) (20) (21) (22) . In these Syk deficient cells, antigen-stimulation does not induce cellular protein tyrosine phosphorylation, calcium mobilization or degranulation, and these defects are reconstituted by the expression of Syk. Syk family tyrosine kinases are also important for signaling from other immune-receptors such as the Fcγ receptors and T or B cell receptors (23) (24) (25) (26) (27) (28) . Phospho-peptide mapping has identified 10 tyrosine residues in Syk that are auto-phosphorylated after an in vitro kinase reaction (29) . Phosphorylation at these tyrosine residues may provide binding sites for substrates, or may be important for regulating the catalytic activity of Syk. Indeed, phosphorylation of Tyr 317 of Syk negatively down regulates signal transduction in mast cells probably by a pathway that involves Cbl, a negative regulator of protein tyrosine kinases (30) (31) (32) (33) . Similarly the tyrosine residues in the activation loop of Syk (Tyr 519 and Tyr 520 in rat Syk) are essential for propagating downstream signaling events (34) (35) (36) . These results suggest that tyrosine phosphorylation is a critical feature for regulating Syk enzymatic activity and for its function. Structural studies suggest that activation loop tyrosines are important for regulating the enzymatic activity of many kinases. In the non-activated state these tyrosines occupy the catalytic center and hinder ATP and/or substrate binding. Phosphorylation of one or both of the tyrosines induces a conformational change that moves the loop out of the catalytic site thereby allowing the binding of ATP and/or substrate. Therefore, the phosphorylation of these activation loop tyrosines is thought to regulate enzymatic activation. The crystal structure of the enzymatic domain of Syk or ZAP70 has not been established, although data suggest that a similar model also applies to these kinases. For example, mutants of Syk with the activation loop tyrosines mutated fail to signal from antigen receptors although there is no loss of in vitro enzymatic activity (34, 36) .
There are still unresolved questions in understanding the relationship of Syk tyrosine phosphorylation with its function. For example, in RBL-2H3 mast cell line both FcεRI-stimulation and the cell surface binding of anti-ganglioside mAb AA4 induce similar levels of Syk tyrosine phosphorylation. However, the response of the cell to these two stimulants is dramatically different. Whereas FcεRI aggregation results in degranulation, mAb AA4 binding induces only minor, if any, histamine release (37) . Therefore, examination of the phosphorylation of individual tyrosine residues will be necessary to better understand the function of Syk and the signal transduction pathways.
In the present study, a polyclonal antibody was developed that specifically detected the phosphorylation of the Syk activation loop tyrosines. This antibody, in combination with synthetic phospho-peptides, can distinguish the phosphorylation status of each of the two adjacent tyrosine residues. We compared the FcεRI-and mAb AA4-induced histamine release to the total and activation loop tyrosine phosphorylation of Syk. The horseradish peroxidase-conjugated anti-phosphotyrosine antibody 4G-10 was from Upstate Biotechnology (Lake Placid, NY). The anti-ganglioside monoclonal antibody AA4, mouse and rabbit anti-Syk antibody and other materials not indicated were as described previously (21, 38) .
The rabbit anti-Syk antibody was raised to a sequence in the linker region between the second SH2 domain and the kinase region and has been characterized previously (8) .
Anti-Syk Activation Loop Phospho-specific Antibody-Peptides were synthesized using a Milligen Model 9500 peptide synthesizer. The parent peptide NH2-ALRADENYYKAQTHG-C-COOH corresponding to the activation loop of rat Syk amino acid sequences 512-526 was made using 9-fluorenylmethoxycarbony chemistry, with a cysteine C-terminal resin. For monoand diphosphorylated peptides, a phosphorylated derivative of tyrosine was used instead of Tyr.
Rabbits were immunized with the conjugate of the diphosphorylated peptide coupled to Keyhole Limpet hemocyanin (KLH; Sigma) via the COOH-terminal cysteine residue using m-maleimidobenzoyl-N-hydroxysuccinimide as a cross-linking reagent. The phospho-peptide specific sera were purified by negative absorption with CH-Sepharose affinity beads containing the native, non-phosphorylated peptide.
Cell Culture and Activation-Rat basophilic leukemia RBL-2H3 cells, Syk-negative variant-TB1A2 cells and their wild-type or activation loop tyrosine mutant transfectants (Y519F mutant--FY, Y520F mutant--YF, and YY519,520FF mutant--FF) have been described previously (21, 36) . A point mutation of Lys 396 to Arg (dead kinase: DK) was prepared by using a PCR-7 based method and confirmed by DNA sequencing. The DK cDNA was cloned into pSVL expression vector and stably expressed in Syk-negative TB1A2 cells as described previously (21) . Synthetic phosphorylated peptides with the same backbone as that used for immunization were then used to determine whether the anti-phospho-AL-Syk antibody could distinguish the phosphorylation of each of the two adjacent tyrosines in the activation loop (Fig. 1B) . These phospho-peptides with either the first or the second tyrosine phosphorylated rendered the antibody specific to the reciprocal site. For example, when a peptide with the first tyrosine phosphorylated was added to the anti-phospho-AL-Syk antibody there was a signal only when the second tyrosine of the activation loop was phosphorylated. These experiments demonstrate that anti-phospho-AL-Syk specifically detects the phosphorylation status of both activation loop tyrosines of Syk.
Phosphorylation of Syk Activation Loop Tyrosines Correlated With Mast Cell
Degranulation-A puzzling aspect of mast cell signal transduction is that some cell stimulants, such as the anti-cell surface ganglioside mAb AA4, induce strong tyrosine phosphorylation of cellular proteins, including Syk, but not histamine release (37) . To investigate whether this is related to differences in the phosphorylation of the activation loop tyrosines, RBL-2H3 cells were stimulated by either IgE plus specific antigen or by mAb AA4 (Fig. 2) . As had been observed previously (37) concentrations of antigen or AA4 antibody, and histamine release, the total Syk and activation loop tyrosine phosphorylation determined (Fig. 3) . The results were similar; after IgE plus antigen stimulation there was histamine release together with strong tyrosine phosphorylation signals of both whole Syk and the activation loop tyrosines. In contrast, mAb AA4 binding induced only strong tyrosine phosphorylation for whole Syk. These experiments suggest that, compared with total Syk tyrosine phosphorylation, the activation loop tyrosine phosphorylation is a better indicator for Syk functional activation that leads to degranulation.
Syk Kinase Activity Plays A Major Role In the Phosphorylation of Syk Activation Loop
Tyrosines-We then examined the role of Syk itself in the phosphorylation of its activation loop tyrosines. Syk was immunoprecipitated from non-stimulated RBL-2H3 cells and subjected to an in vitro kinase assay with or without diphosphorylated γ-ITAM peptide (Fig. 4) . As reported previously, the immunoprecipitated Syk from these quiescent cells was not tyrosine phosphorylated but had intrinsic kinase activity, which was enhanced by the addition of diphosphorylated γ-ITAM peptide (15) . Immunoblotting with anti-phospho-AL-Syk indicated that Syk was able to phosphorylate its own activation loop tyrosines in the absence of other kinases. The addition of diphosphorylated γ-ITAM enhanced this function. Therefore, in vitro Syk is capable of phosphorylating its activation loop tyrosines.
To further define the role of Syk for the in vivo phosphorylation of its own activation loop tyrosine, cells expressing wild-type Syk or kinase-dead Syk were stimulated with IgE plus specific antigen (Fig. 5) . As the extent of the tyrosine phosphorylation of kinase-dead Syk was low, we used different amounts of the cell lysates in the immunoblots to estimate the level of phosphorylation. The receptor-induced total phosphorylation of kinase-dead Syk was approximately 20% as much as that of wild type Syk; however the activation loop tyrosine 12 phosphorylation of kinase-dead Syk showed a more dramatic decrease (less than 10% of wildtype). Therefore, in mast cells Syk plays the major role in the receptor induced-phosphorylation of its own activation loop tyrosines while other kinases, such as Lyn, probably make minor contribution to this phosphorylation.
Both Tyrosines In the Activation Loop of Syk Are Phosphorylated in vivo-
One of the differences between Syk and ZAP70 is that each of the two adjacent tyrosines in the activation loop of Syk is essential for propagation of receptor-induced signaling (36, 39, 40) . In the present study, we noticed that after pervanadate stimulation, the 519 and 520 tyrosine residues of Syk were both phosphorylated (Fig.1B) . We then investigated the FcεRI-induced phosphorylation of the two activation loop tyrosines in wild-type Syk. After IgE plus antigen stimulation, Syk was immunoprecipitated from RBL-2H3 cells and analyzed by blotting with anti-phospho-AL-Syk antibody in the presence or absence of phospho-peptides to render it site specific (Fig. 6 ). Both 519pY and 520pY peptides obviously inhibited the activation loop tyrosine phosphorylation signal. The inhibition with the two peptides demonstrates that after receptor aggregation both tyrosine residues in the activation loop are phosphorylated. Site-directed mutagenesis of the activation loop tyrosines of ZAP70 and Syk have demonstrated another difference between these two kinases. For ZAP70 mutation of the first activation loop tyrosine to Phe increases in vitro kinase activity and enhances the in vivo activation signal in a Syk negative avian B cell line, whereas ZAP70 with a mutation of the second tyrosine has normal enzymatic activity, but cannot transmit antigen-receptor signaling (39, 40, 44) . In contrast, mutation of either one of these two tyrosines in Syk results in a loss of its capacity to function in IgE-receptor signaling pathway, even though the mutations have no effect on in vitro enzymatic activity (36) . In the present study we found that in normal RBL-2H3 cells, both tyrosines of the activation loop were phosphorylated after IgE receptor-stimulation.
Since in RBL-2H3 cells IgE plus antigen induced more than 60% histamine release, it appears unlikely that the phosphorylation of any one tyrosine of the activation loop plays an inhibitory role in propagating degranulation. Therefore, this observation supported the results of functional studies of Syk activation loop mutants in which it was found that if either one of the tyrosines was mutated there was loss of the signal for degranulation.
Syk contains multiple tyrosine residues, ten of which are auto-phosphorylated in vitro (29) . Mutagenesis of these different tyrosines has demonstrated that several of these residues are important in up or down-regulating Syk function. For example, the putative Cbl interaction site, Tyr 317 , negatively regulates Syk signaling (30) (31) (32) (33) . Similarly, mutation of the three tyrosines at COOH-terminal region of Syk results in a gain of function in T cell lines (49) . In contrast, Tyr 519 and Tyr 520 in the activation loop of Syk are essential for propagating IgE-induced signals for degranulation (34, 36) . Since the total tyrosine phosphorylation of a molecule is the sum of the phosphorylation of such sites that have positive or negative functional effects, it is not surprising that strong tyrosine phosphorylation of Syk is not always a standard for downstream propagation of signals (37) . In the present experiments we compared the FcεRI-and anti-ganglioside mAb AA4-induced histamine release to the total and activation loop tyrosine phosphorylation of Syk.
We found that the phosphorylation of the activation loop tyrosines but not the total phosphorylation of Syk correlates with antigen-or AA4-mediated degranulaton. Therefore, phosphorylation of the activation loop tyrosines rather than total phosphorylation are a better criterion for the functional activation of Syk.
Although mAb AA4 induced minimal tyrosine phosphorylation of the activation loop it resulted in tyrosine phosphorylation of many cellular proteins (37) . In contrast, there is minimal In summary, a specific, anti-Syk activation loop phosphotyrosine antibody was generated.
By using this antibody we found that both of the tyrosines in the activation loop were 
